전자빔조사와 과산화수소를 사용하여 알지네이트(sodium alginate, SA)를 저분자화 시키는데 1.0, 2.5 MeV의 전자빔 에 너지가 이용되었으며, 저분자화 수율(Gs), 분자량의 제어를 위해 2.5 ~ 20 kGy의 조사량, 0 ~ 4.5%의 과산화수소의 양을 조절하였다. 전자빔조사에 의한 저분자화 알지네이트(depolymerized sodium alginate, DSA)는 주로 1,4-glicoside결합이 끊어지며, C2-C3결합이 끊어지며 생기는 약간의 formate 말단을 가지며, 전자빔 조사 저분자화 저분자 알지네이트 말단 (end group)의 화학적 구조가 단순하며, 고분자 알지네이트와 유사한 구조를 가짐을 알 수 있었다. 도입된 전자빔의 에너지와 조사량이 증가하면 알지네이트의 분자량은 감소하였으며, 알지네이트의 농도(2.0w/v%)로 높을 때 저분자화 수율이 높았다. 특히 2% 알지네이트 수용액에 20 kGy (2MeV)의 조사량과 1.5% 과산화수소를 도입하였을 때 가장 큰 저분자화 수율(7.919 × 10 4 mol/J)을 얻을 수 있었다.
Introduction
Sodium alginate (SA) is obtained from brown algae, such as sea mustard and kelp, in a large amount, and SA as an intercellular substance, other than a component constituting the cell wall as a kind of seaweed polysaccharides, is composed of α-(1→4)-L-guluronate [G] and β-(1→4)-D-manuronate [M] . Having the structural repeating units of MM block, GG block, and homopolymer or heteropolymer block such as MG block, SA is a polysaccharide having α-1,4 or β-1,4 bonds in an alternating pattern between the units. As a bioplymer, SA is widely used in the medical field due to its non-toxicity and excellent biocompatibility, and SA hydrogel is a especially promising candidate for a matrix of drug delivery and cell implantation [1] [2] [3] . However, very high viscosity and low solubility in water, 2%, of polymer SA become obstructive in applying it to the pharmaceutical/medical sectors. In preceding studies, chemical treatments and enzyme reactions have been employed for depolymerizing polysaccharides. However, chemical treatments were disadvantageous in many ways including low recovery rate, excessive time for chemical reaction, difficulty in post-treatment process, disqualification for human consumption, and difficulty in waste water treatment generated during the process. Other methods using enzyme reaction also showed weaknesses in high unit-price of the enzyme, excessive time for reaction, and limitation for large scale process, besides the problems in the control of the molecular weight [4, 5] . Meanwhile, the depolymerization of polysaccharides using g-ray and e-beam irradiation is disadvantageous in using expensive equipment but advantageous in having quick reaction speed, clean process, and capable of manufacturing high yield of low molecular weight SA [6] .
In this study, a basic research was carried out to investigate chemical structure, molecular weight, and the radiation yield of scission of SA as a functional low molecular weight polysaccharide after depolymerizing it in a short period of time employing e-beam irradiation and hydrogen peroxide that were used to generate hydroxy radical.
Experimental

Materials
In this study, crude SA (Aldrich, 1800 cP) and hydrogen peroxide (30%, Samchuk Chemical, Korea) were used as reagents, and every aqueous solution used in the experiment was prepared with deioinzed water. The product was prepared by filtration/drying after precipitating in ethanol (Dong-yang Chemical, Korea).
e-beam irradiation and analysis
For the depolymerization reaction of SA, e-beam was irradiated on the SA solution in hydrogen peroxide atmosphere as shown in Figure 1 . Using e-beam irradiation equipment(E-beam process system, EB Tech, Korea), an e-beam of 1.0 and 2.5 MeV in accelerating voltage was applied at dosages of 2.5, 5, 10, 15 and 20 kGy, respectively. Consequently, the radiation yield of scission of SA (Gs) was determined in connection with concentrations of SA solution (0.5, 1.0, 1.5, and 2.0 w/v%) and quantities of hydrogen peroxide (0 to 4.5%). Polymer degradation can be expressed in terms of molecular weight reduction due to polymer chain scission and its efficiency can be estimated by radiation yield of scission Gs (mol/J) [7] .
The radiation yield of scission of SA by e-beam irradiation was calculated by the following equation (1) .
Where Gs is radiation yield of scission (mol/J), D; absorbed dose (Gy), d; solution density (kg/dm 3 ), c; polymer concentration (g/dm 3 ), Mw, Mw0; weight-average molecular weight of polymer after and before irradiation respectively.
The chemical structure of DSA was analyzed by FT-IR, FT-NMR (JEOL-300 MHz) and ICP-MS (Perkin Elmer), and the molecular weight was determined by GPC-MALS (WYATT Technology corporation. Detector-MALLS: DAWN EOS-RI: OPTILAB DSP). As the eluent, 0.1 N NaNO3 aqueous solution was used at a flow rate of 1.0 mL/min, and the temperature of column oven was 40 ℃ during the test. Newly generated DSA by e-beam irradiation showed a new carbonyl peak at 1750 cm -1 . The strength of the peak became bigger as the e-beam irradiation increased, indicating increased number of molecules having carbonyl groups at their chain ends due to the reduced molecular weight of SA. In 1 H-NMR data (Figure 3 ), no particular peaks were confirmed as evidences for new generation or disappearance in the range of typical SA structures (3.8~4.9 ppm), mannuronate and gluronate, relative to changes in the concentration of hydrogen peroxide or e-beam irradiation while new peak with very low intensity (1.98 ppm) was identified in the higher magnetic field sector, alluding new formation of -CH2 by depolymerization of SA. New generation of carbonyl group by cleavage of the cyclic ring was confirmed because the intensity of peak (8.5 ppm) increased as more hydrogen peroxide was used, indicating formation of a formate structure on the molecular chain when 1,4-glycosidic bond is severed [9] . The findings are consistent with our earlier report in the DSA treated by ultrasonic wave and hydrogen peroxide showed diverse end structures, and DSA treated by e-beam irradiation had similar chemical structures with the repeating unit of the original polymer SA [8] . Similar results were found in the 13 C-NMR spectrum (Figure 4b ). Unlike multiple chemical shifts shown in Figure 4a (169~181 ppm), only the intensity of gluronic acid (G6) peak at 176.9 ppm decreased while new peak of aliphatic carbon was identified in the high magnetic sector (58.0 ppm). Others showed the same chemical shifts with those in polymer SA. 
Molecular weight/radiation yield of scission and viscosity of DSA by e-beam irradiation
The radiation yield of scission of SA was calculated by equation (1), and GPC-MALS was employed to determine the molecular weight (Mw, Mn) and polydispersity (PDI) of DSA, showing the results in Table 1 and Figures 5 to 7(a) and the dosage exerted large impact on the depolymerization of SA while moderate use of catalyst (hydrogen peroxide) increased the radiation yield of scission effectively. In obtaining SA with lower molecular weight by hydrogen peroxide in the depolymerization reaction, the dosage of hydrogen peroxide did not have a significantly influence on the rate. DSA prepared with 1.5% hydrogen peroxide showed the lowest molecular weight, an average molecular weight (Mw) of 3617, and the highest radiation yield of scission as Gs of 7.919 × 10 4 mol/J.
Use of excessive hydrogen peroxide (3.0 to 4.5%) may cause elimination of radicals already generated in a large quantity at the terminal portion of DSA in low molecular weight by additional radicals, causing recombination effect. The viscosity of DSA was showed a similar pattern, exhibiting the lowest intrinsic viscosity value at A-2.5-HP1.5-20 as 0.74 (dL/g). Moreover, most DSA showed PDI around 2.0, and intrinsic viscosity also was confirmed to have a similar tendency as the molecular weight, resulting in uniform depolymerization of SA in solution.
DSA's radiation yield of scission by e-beam irradiation relative to the concentration of solution
Tests were conducted to investigate the correlation between the radiation yield of scission of SA by e-beam irradiation and the concentration of polymer SA solution in order to find optimum concentrations of the catalyst (hydrogen peroxide) and the reaction solution. The results of radiation yield of scission relative to the concentration of polymer SA solution are shown in Table 2 . As shown in Table 2 and Figure 7(b) , the radiation yield of scission increased as the dosage of e-beam irradiation became intensified when the concentration of reaction solution was 2.0 w/v%, the energy of e-beam as 2.5 MeV, and a hydrogen peroxide concentration of 3.0%. When the concentration of reaction solution is lower than the above, relatively low radiation yield of scission was resulted. The radiation yield of scission became even lower when a low dosage of e-beam energy, 1.0 MeV, was applied to the lowly concentrated reaction solution. The radiation yield of scission tended to decrease as the dosage of e-beam irradiation became intensified when the energy of the applied e-beam was 1.0 MeV. When considering the correlation between 신철화⋅최수경 공업화학, 제 25 권 제 2 호, 2014 the irradiation energy of e-beam and the penetration depth of e-beam, the depth showed different values relative to the energy. In case of e-beam having relatively low energy of 1.0 MeV, low e-beam was transmitted, resulting in a low concentration of radical formation within the penetration depth, so that subsequent low radiation yield of scission (Gs) was resulted. Lower the concentration of the reaction solution was, larger the radiation yield of scission became. Meanwhile, at 2.5 MeV e-beam energy, a high level of the radiation yield of scission (Gs) was confirmed in a highly concentrated reaction solution of polymer SA while resulting in a decreased radiation yield of scission in the lowly concentrated SA solution due to the small quantity of SA within the depth of penetration. The radiation yield of scission showed different results depending on the concentration of aqueous solution and the energy of transmitted e-beam, showing a clear inverse relationship between the applied dosage of e-beam irradiation and the molecular weight of SA.
Conclusion
In depolymerization of SA by e-beam irradiation, different levels of the radiation yields of scission were observed relative to the energy intensity of e-beam, irradiation dosage, quantity of hydrogen peroxide, and concentration of SA aqueous solution. The chemical structure of the depolymerized sodium alginate (DSA) was analyzed to have scission of 1,4-glycoside bond mainly and a few fragmentary formate end groups which may be produced by the cleavage between C2 and C3 in repeating unit of alginate. It turned out to have simple chemical structures at the DSA end groups, prepared by e-beam irradiation, similar with those in the polymer SA structure. As a result, the molecular weight of SA decreased as the energy and dosage of applied e-beam increased, and the radiation yield of scission showed the best result at a high concentration of SA (2 w/v%). The most effective products in depolymerization of the alginate were obtained with 1.5% hydrogen peroxide content and the radiation yield of scission (Gs) is increased with increasing the applied e-beam dose up to 7.919 × 10 4 mol/J.
